. UNC-115 Is Similar to Vertebrate Actin-Binding Proteins (A) Exon/intron structure of the unc-115 gene deduced from cDNA sequence and genomic sequence. The cosmid F09B9 was sequenced by the C. elegans Genome Sequencing Consortium (GenBank accession #Z49887). Boxes represent exons, lines represent introns, and black boxes represent coding region. SL1 refers to the site of addition of the trans-spliced leader sequence, ATG marks the site of the first in-frame methionine, and TAA is the stop codon. The bottom line shows the 5Ј end of cDNA yk97f4. . Identity is highlighted and quantified to the right of the alignment, and a consensus LIM domain sequence is below. An alignment of the villin headpiece domain regions of UNC-115, abLIM, human dematin (GenBank accession #U28389), Drosophila quail (GenBank accession #U10070), and human villin (GenBank accession #X12901) is shown. Identity between three or more polypeptides is highlighted. Stop codons are denoted by an asterisk. The region containing basic residues important for the function of the VHD from human villin is underlined. Also shown is an alignment of the UAD region of identity shared by abLIM, and dematin. of the four unc-115 mutations had a lesion within the UNC-115 is similar to that of the recently described abLIM protein (also known as limatin) from humans (Roof F09B9.2 gene ( Figure 1A ): mn481 is an insertion of a Tc1 element in the fifth exon, e2225 is an insertion of a et al., 1997), which is a candidate tumor suppressor gene (Kim et al., 1997) . The largest known abLIM molecule has Tc4 transposable element (Yuan et al., 1991) at the exon 6/intron 6 boundary, ky274 is a TGG(trp) to TGA(opal) four LIM domains at the N terminus and a VHD at the C terminus; other abLIM isoforms have fewer LIM domains alteration at amino acid residue 450, and ky275 is a TGG(trp) to TAG(amber) alteration at amino acid resibut include the VHD. LIM domains are zinc-binding motifs, similar in structure to the zinc-finger, that mediate due 489.
cDNA clones of the unc-115 locus defined a family of protein-protein interactions (Dawid et al., 1995) . Figure  1D shows an alignment of UNC-115 LIM domains with related unc-115 transcripts that differ by alternate 5Ј exons ( Figure 1A) . Each of the four unc-115 mutations those of abLIM. The abLIM and UNC-115 LIM domains share extensive similarity beyond the LIM consensus is predicted to affect all unc-115 transcript classes. The longest SL1-spliced unc-115 cDNA could encode a 639 residues, suggesting that the LIM domains have functions that are conserved across the two proteins. amino acid polypeptide (UNC-115) with three regions at the N terminus similar to the LIM domain and a region
The villin headpiece domains from villin (Friederich et al., 1992) , abLIM (Roof et al., 1997) , and dematin (Rana at the C terminus similar to the actin-binding villin headpiece domain (VHD) (Figures 1B-1D ). The two shorter et al., 1993) can bind actin filaments, and the human villin VHD can induce the formation of actin filaments SL1-spliced transcripts are predicted to encode a 470 amino acid polypeptide missing the first two LIM dofrom G-actin. Figure 1D shows an alignment of UNC-115 with these VHDs and the VHD of the Drosophila quail mains ( Figures 1B and 1C) . The domain organization of gene product, which is involved in actin organization bodies in the head and posteriorly directed processes that jog toward the lateral midline near the vulva (Figures in the developing egg chamber (Mahajan-Miklos and Cooley, 1994) . The UNC-115 VHD is most similar to the 2D and 2E) (White et al., 1986) . In unc-115 mutants, these axons terminated before reaching the vulva, sometimes VHDs of abLIM and dematin and includes the basic residues that are implicated in actin-villin interactions.
ending in ectopic branches and misguided axons ( Figure  2F ; Table 1 ). We also identified a conserved motif of unknown function in the middle region of UNC-115, abLIM, and de-
The phasmid sensory neurons in the tail also exhibit premature termination. The phasmid neurons have axmatin, that contains the residues PAAxxPDP ( Figure 1D ), which we call the UAD region.
ons that extend first ventrally and then anteriorly in the nerve cord and dendrites that extend posteriorly ( Figure  2G ) (White et al., 1986) . In unc-115 mutants, the phasmid unc-115 Null Mutants Have Specific Axon Guidance Defects axons terminated prematurely in the ventral cord ( Figure  2H ; Table 1 ). All unc-115 mutant phenotypes are recessive, suggesting that the mutations cause loss of unc-115 funcFinally, we observed subtle fasciculation defects in the ventral nerve cord of unc-115 mutants. The C. eletion. All four unc-115 mutants display uncoordinated locomotion and are viable and fertile as homozygotes gans ventral nerve cord (VNC) consists of a large right bundle and a small left bundle. Wightman et al. (1997) and viable and fertile in trans to a deficiency that deletes the locus (nDf19). ky274 and ky275 are probably null previously showed the HSNL and AVKR neurons, which normally extend in the left VNC, extend in the right VNC alleles: both cause premature termination of the UNC-115 protein, and their phenotypes are not enhanced in in unc-115 mutants. Additionally, we have found that in unc-115 mutants the PVPR and PVQL axons of the left trans to nDf19.
The morphologies of several axons were defective in VNC cross to the right VNC near the end of their trajectories (Table 1) . Thus, all four neurons of the left VNC unc-115 mutants (Table 1; Figure 2 ). unc-115 mutants have a defect in dorsal outgrowth of the VD and DD exhibit crossover defects. In addition, axons on the right VNC exhibit weak fasciculation defects in unc-115 mumotor neurons that may contribute to their uncoordinated movement. In wild-type, these neurons have ventants (data not shown), possibly contributing to the Unc phenotype. tral cell bodies and a branched process that grows anteriorly and then dorsally to the dorsal nerve cord, where Many axons were normal in unc-115 mutants. For example, the DA motor axons have dorsal trajectories it branches again and grows both anteriorly and posteriorly (Figures 2A and 2B) (White et al., 1986) . In unc-115 similar to the VDs and DDs (White et al., 1986) but were unaffected by unc-115 mutations (data not shown), indimutants, the anterior axon branches were normal, but the dorsal branches stopped short in the lateral body cating that some dorsal guidance cues are present in unc-115 animals. Similarly, the anterior-posterior outregion and then turned posteriorly ( Figure 2C ; Table 1 ). All VD and DD axons were equally affected except for growth of the CAN, ALM, and PLM lateral axons was normal in unc-115 mutants, as were the long-range cell DD1 and VD2, which are included in a commissural fascicle with the DA1 and DB2 axons.
migrations of the HSN and CAN neurons and the Q neuroblasts. All neuron cell bodies were located in apunc-115 mutants also exhibited premature termination and misrouting of the sublateral nerves. The subproximately normal positions, and all nerve bundles were present in their correct positions, including the lateral SIADL, SMBDL, and SMDDR neurons have cell nerve ring, the ventral and dorsal nerve cords, and the plaques along the excretory canals ( Figure 3D ) as well as plaques at the junctions of epidermal cells ( Figure 3E ). dendritic bundles in the nose and tail of the animal.
unc-115 Is Expressed in Neurons and Epidermis unc-115 Function Is Required in Neurons
The widespread expression of unc-115 suggested that and Localizes to the Cell Cortex Cells that could express unc-115 were identified using unc-115 might act in the epidermis or in neurons to promote axon guidance. To distinguish between these a full-length UNC-115::GFP fusion gene that rescued unc-115 mutant defects ( Figure 1A) . The earliest detectpossibilities, we analyzed unc-115 function in genetic mosaics (Herman, 1995) . unc-115 mosaics were isolated able expression of UNC-115::GFP was in neurons and epidermis at about 300 min postfertilization, when the from unc-115(mn481) lin-15 animals transgenic for an extrachromosomal array of DNA, kyEx209, that contains embryo begins to elongate, and axons begin to grow (Wood, 1988) (Figure 3A) . UNC-115::GFP and the shorter the full-length unc-115::gfp fusion gene and lin-15(ϩ) DNA. The multivulval phenotype of lin-15 is due to abfusion GFPS was expressed in most or all neurons throughout development ( Figure 3B ). UNC-115::GFP exsence of lin-15 activity in epidermal cells . We identified Unc non-Muv mosaic pression was also observed in nonneuronal cells, including the epidermal syncytium hyp7, the head and tail animals and deduced the point of array loss by scoring cells for the expression of UNC-115::GFP, which we epidermal cells, the excretory canal cell, the pharynx, and the developing vulva, but not in the lateral epidermal assume is cell-autonomous ( Figure 4A ). Because arrays of cloned genes often show multiple losses in a single seam cells or the ventral epidermal P cells. We could detect no defects in nonneuronal tissues in unc-115 animal, we only interpret the effects of mosaic losses that were observed two or more times. mutants.
UNC-115::GFP protein was present uniformly in neuLosses of the array in either the ABpr or ABpl lineages resulted in an Unc non-Muv phenotype (Figure 4 ). All ronal cell bodies and processes and was excluded from nuclei ( Figure 3C ). The protein was also present at high of the losses that caused Unc phenotypes occured in lineages that give rise to many motor neurons. Many of levels in the growth cones of developing axons as they extended to their targets and in cell-cortex-associated these lineages also give rise to adjacent epidermis, but five Unc non-Muv mosaic animals had a loss at ABplp, osm-6 is expressed only in 56 sensory neurons, five of which are in the tail (the four phasmid neurons and the which gives rise to 10 motor neurons and only two epidermal nuclei in the tail (hyp8/9 and hyp10) that are PQR neuron) (Collet et al., 1998) . The osm-6::unc-115 transgene displayed the same sensory-specific expresunlikely to affect locomotion. Since uncoordinated movement was observed in mosaics with a majority of wildsion profile as osm-6 and partially rescued the phasmid axon phenotype but not the uncoordinated phenotype type epidermal nuclei (all Unc non-Muv animals exhibited epidermal UNC-115::GFP expression), epidermal of unc-115(ky275) mutants ( Figure 4B ). Together with the mosaic analysis, these results suggest that unc-115 unc-115 is not sufficient for normal locomotion. We suggest that unc-115 expression in neurons is required for expression in motor neurons or phasmid neurons can promote proper axon guidance in the absence of surcoordinated movement.
To examine axon guidance in more detail, the uncrounding epidermal expression. The partial rescue of phasmid axons may be due to poor transgene expres-115 cDNA (a full-length clone representing the longest SL1-spliced variant) was placed under the control of sion or to effects of other neurons or epidermis on phasmid axon extension (Wightman et al., 1996) . neuron-specific promoters and tested for the ability to rescue axon guidance defects of unc-115 mutants. An unc-115 minigene containing a shortened unc-115 proDiscussion motor with neuron-specific expression was able to rescue the VD and DD axon defects of unc-115(ky275) muunc-115 encodes a polypeptide with LIM domains and tants and partly rescue their Unc phenotype and their a villin headpiece domain that is similar to the human phasmid axon phenotype ( Figure 4B ). This minigene is actin-binding protein abLIM/limatin, a candidate tumor expressed only in a subset of neurons, including the suppressor gene (Kim et al., 1997; Roof et al., 1997) . LIM motor neurons and phasmid neurons, where its expresdomains mediate protein-protein interactions, including sion peaks in the embryo and is low after the L1 larval dimerization with other LIM domains as well as heterolostage; no nonneuronal expression of this minigene was gous interactions with other motifs (Arber and Caroni, observed. 1996; Wu et al, 1996) . The conservation between the Further evidence for cell autonomy was obtained by LIM domains of UNC-115 and abLIM, particularly beexpression of the unc-115 cDNA::gfp fusion in the phasmid neurons using the promoter of the osm-6 gene.
tween the third UNC-115 LIM domain and the fourth abLIM LIM domain, suggests that they interact with simioutgrowth normally, such as the ventral extensions of the phasmid axons and the anterior extensions of the lar protein motifs. UNC-115 is also likely to interact with the actin cytoskeleton via the villin headpiece domain VD and DD axons in the ventral cord, suggesting that the axons' ability to extend is not compromised by unc-(VHD). Although we have not demonstrated this interaction directly, similar domains in human villin (Friederich 115 mutation. Indeed, in most cases the affected axons reach their full length after making guidance errors. et al., 1992), dematin (Rana et al., 1993) , and abLIM (Roof et al., 1997) are known to bind actin filaments, Other C. elegans genes with widespread effects on axon outgrowth and guidance encode cytoplasmic proteins, and key residues involved in actin interactions are conserved in the UNC-115 VHD. LIM domain proteins that including unc-33 (Li et al., 1992) , unc-44 (ankyrin-like) (Otsuka et al., 1995) , unc-51 (serine/threonine kinase) lack apparent actin-binding motifs are known to associate with the actin cytoskeleton through unknown binding (Ogura et al., 1994), unc-76 (Bloom and Horvitz, 1997) , and unc-73 (rac/cdc42 GTP exchange factor) (Steven et partners. For example, zyxin and paxillin both contain LIM domains and localize to actin-rich focal adhesions al., 1998). All of these genes affect many axons, suggesting a general role in axon guidance and outgrowth, (Macalma et al., 1996; Turner and Miller, 1994) , and some LIM-only proteins are associated with actin filaments unlike unc-115, which affects a small number of guidance decisions. (Arber and Caroni, 1996) . Molecules like UNC-115 and abLIM may provide a scaffold for assembly of other LIM All axons affected by unc-115 mutation have multiple aspects to their outgrowth, and all change direction or proteins onto the cytoskeleton.
unc-115 mutants display axon defects in a variety of substrates during their extension. unc-115 defects are most apparent during these changes. unc-115 mutant neurons. Guidance and outgrowth in the dorsal-ventral axis (the VD and DD axons) and in the anterior-posterior sublateral axons fail just as they are changing their outgrowth direction to a more lateral position, the PVP and axis (the sublateral nerves and the phasmid axons) are affected. unc-115 affects the VD and DD axons that PVQ axons normally change neighbors at the point where unc-115 defects occur, the phasmid axons in grow on an epidermal substrate as well as many axons that fasciculate with other neurons. In all cases, uncunc-115 mutants fail when they switch from ventral migration to anterior migration, and the VD and DD axons 115 mutant axons can complete some aspects of their transformation and integration of transgenic arrays were performed are defective only in the dorsal aspect of their outgrowth.
as described by Mello and Fire (1995) with lin-15(ϩ) DNA as a coinunc-115 could be needed to respond to a specific set jection marker. GFP fusion genes were integrated before characterof guidance cues, or it could be required more generally ization. For the unc-115 minigenes, the osm-6 promoter (Collet et for an axon to switch priorities during outgrowth.
al., 1998) and the attenuated unc-115 promoter were isolated by UNC-115 represents a new type of actin-binding pro-PCR. At least three independent lines expressing each transgene were characterized.
tein that is required in developing neurons for proper axon outgrowth. Although its expression is widespread,
